Progress in our understanding of heterotypic cellular interaction in the tumor microenvironment, which is recognized to play major roles in cancer progression, has been hampered due to unavailability of an appropriate in vitro co-culture model. The aim of this study was to generate an in vitro 3-dimensional human breast cancer model, which consists of cancer cells and fibroblasts. Breast cancer cells (UACC-893) and fibroblasts at various densities were co-cultured in a rotating suspension culture system to establish co-culture parameters. Subsequently, UACC-893, BT.20, or MDA.MB.453 were co-cultured with fibroblasts for 9 days. Co-cultures resulted in the generation of breast cancer histoid (BCH) with cancer cells showing the invasion of fibroblast spheroids, which were visualized by immunohistochemical (IHC) staining of sections (4 µm thick) of BCH. A reproducible quantitative expression of C-erbB.2 was detected in UACC-893 cancer cells in BCH sections by IHC staining and the Automated Cellular Imaging System. BCH sections also consistently exhibited qualitative expression of pancytokeratins, p53, Ki-67, or E-cadherin in cancer cells and that of vimentin or GSTPi in fibroblasts, fibronectin in the basement membrane and collagen IV in the extracellular matrix. The expression of the protein analytes and cellular architecture of BCH were markedly similar to those of breast cancer tissue. (J Histochem Cytochem 59:
Breast cancer has been recognized to be heterogeneous, representing cancer as well as tumor microenvironmentassociated stromal cells with diverse genetic and biological characteristics. The tumor microenvironment generated by the interaction between cancer and the tumor microenvironmentassociated stromal cells is now recognized to have a major role in cancer development and progression (Orimo et al. 2001; Shekhar et al. 2001; McAlhany et al. 2003; Desmouliere et al. 2004; Nakagawa et al. 2004; Chung et al. 2005; Galie et al. 2005; Gallagher et al. 2005; Micke and Ostman 2005; Ide et al. 2006; Ohira et al. 2006; Patocs et al. 2007 ). The results of these studies suggest that the cancer cells may interact with the stromal cells to induce conditions that facilitate tumor growth. The stromal cells in turn are able to modify cancer cells by direct cell-to-cell, contacts through soluble factors or by modification of extracellular matrix (ECM) components, thereby altering the microenvironment to promote the malignant growth (Shekhar et al. 2001; Chung et al. 2005) , reduced apoptosis (Desmouliere et al. 2004 ), induction of angiogenesis (McAlhany et al. 2003) , and invasion and metastasis (Nakagawa et al. 2004; Gallagher et al. 2005) . Moreover, 3-dimensional (3-D) static co-cultures of normal breast epithelial cells or breast cancer cells alone or with stromal cells, which were grown in collagen gel-matrix, have been utilized to study breast morphogenesis. These 3-D cultures or co-cultures yielded the formation of lumen, apicobasal polarity, and basement membrane (Gudjonsson et al. 2003; Sung et al. 2009; Bauer et al. 2010; Inman and Bissell 2010) . The investigators also utilized these models in their pioneer work to study functional aspects of cellular interaction in 3-D culture or coculture (Gudjonsson et al. 2002; Han et al. 2010; Beliveau et al. 2011; Sung et al. 2011; Yang et al. 2011) . Taken together, results of these studies laid the foundation for the feasibility of studying the above complex phenomenon in a controllable environment of cell culture.
The role of stromal cell-derived molecular mediators in cancer progression has also been supported by clinical findings (Orimo et al. 2001; Patocs et al. 2007 ). In addition, recently reported experimental as well as clinical studies suggest that the development of angiogenesis and tumor growth are stimulated by tumor microenvironment-derived mediators such as the vascular endothelial growth factor (Hicklin and Ellis 2005; Burstein et al. 2008) .
Progress in this field of study to unravel the mechanism of heterotypic interaction in cancer progression has been hampered by major drawbacks of most static co-culture systems. Firstly, the xenogenic source of precoated collagen gelmatrix support renders many of the systems inappropriate for the study of human cancer (Shekhar et al. 2001; Selvey et al. 2004; Che et al. 2006) . Secondly, insufficient diffusion of nutrients through the gel matrix results in poor cell density. Thirdly, such co-cultures do not yield the cellular architecture of a simulated tissue-like microenvironment with endogeneously produced ECM and basement membrane components. The growing interest in 3-D tumor models and in methods for generating them has resulted in various types of 3-D constructs that are potentially improved models (Seidl et al. 2002; Hsiao et al. 2009 ). However, the technical aspects of growing multicellular tumor models remain challenging with respect to their 1) morphology that could mimic the tissue-like microenvironment and 2) cellular growth in endogeneously produced growth factors and ECM.
Here, we report the utilization of a 3-D rotary bioreactor to co-culture human breast cancer cells and fibroblasts, which resulted in the generation of breast cancer histoids (BCH). BCH, thus generated, exhibited reproducible expression of cell-specific analytes and cellular architecture that resembled breast cancer tissue, allowing heterotypic cellular interaction and growth as well as the expression of endogeneously produced proteins that are known to be associated with basement membrane and ECM in human breast cancer tissue.
Materials and Methods Reagents
Rabbit polyclonal antibody to C-erbB.2 (an epidermal growth factor receptor), mouse monoclonal antibodies to pancytokeratins, epithelial cell-associated cytoskeleton proteins (clone AE-1/AE-3); vimentin, a fibroblast-associated cytoskeleton protein (clone V9); p53, an oncogene's product (clone DO-7); Ki.67, a cell cycling protein (clone MIB-1); and collagen type IV, an ECM-associated protein (clone CIV 22), were purchased from Dako North America Incorporated (Carpinteria, CA). Monoclonal antibodies to E-cadherin, an epithelial-specific intercellular adhesion protein (clone 4A2C7), glutathione S-transferase Pi (GSTPi), a major detoxifier enzyme (clone LW29), and fibronectin, a major cellular basement membrane-associated protein (clone FBN11) were obtained from Zymed Laboratory (South San Francisco, CA), Novocastra (New Castle-upon-Tyne, UK), and LabVision (Fremont, CA), respectively. Normal goat or horse serum, biotinylated antibodies to goat anti-rabbit or horse anti-mouse immunoglobulins, and avidin-biotin-peroxidase (ABC) complex were bought from Vector Laboratories Incorporated (Burlington, CA). The blocking peptides specific for individual primary antibody were obtained from LabVision. The dilution of each antibody was empirically predetermined for optimum staining of target cells in a known positive control, which consisted of FFPE tissue biopsy specimens of breast cancer. All other reagents used were of the highest purity available from Sigma-Aldrich Chemical Company (St. Louis, MO).
Breast Cancer Cell Lines
The rationale for selecting the UACC-893 breast cancer cell line with overexpression of C-erbB.2 for the initial development of BCH was based on the fact that it represents a major subtype of breast cancer with poor prognosis (Meltzer et al. 1991) . In addition to UACC-893, two other human breast cancer cell lines, namely BT.20 and MDA.MB.453, were also utilized for the generation of BCH. MDA.MB.453 is known to be positive for moderately membranous expression of C-erbB.2, whereas BT.20 is negative. These cell lines are known to be negative for the expression of estrogen and progesterone receptors (Meltzer et al. 1991) . The cell lines employed in this study were obtained from the American Type Culture Collection (Rockville, MD). The cell lines were cultured in DMEM/F12 (1:1 mix; Mediatech Incorporated, Manassas, VA 20109), supplemented with penicillin (100 U/mL), streptomycin (100 µg/mL), and fetal bovine serum (FBS) (10%, v/v).
Preparation of Primary Culture of Human Foreskin Fibroblast
The foreskins were removed during routine circumcision of newborn male infants. The use of tissue specimens was approved by the Institutional Review Board (IRB) of Huntington Memorial Hospital (Pasadena, CA). Primary cultures were established from the foreskin specimens using standard tissue culture methods to obtain fibroblasts for histoid preparations.
3-D Co-culture System
The 3-D rotary bioreactor that was utilized in this study was developed in-house (Ingram et al. 2010) . The system supports rotating suspension cultures in low-shear environment to maintain cells in free fall during culture. Each cell undergoes a small trajectory in the suspending liquid, allowing it to contact and communicate with other cells and to interact spontaneously with them in a manner that eventually results in a 3-D structure. The culture chamber was made from a gas exchange membrane (FEP Teflon fluorocarbon; American Fluoroseal Corporation, Gaithersburg, MD).
Co-culture of Breast Cancer Cells and FSF
Freshly harvested FSF were counted and washed. FSF at four different densities (0.5 × 10 7 , 1.0 × 10 7 , 2 × 10 7 , or 4 × 10 7 ) were separately suspended in 10 mL of the complete medium. Each cell suspension was injected through 10-mL syringe attached without the needle to the opening port of an individual culture chamber (10-mL capacity). The four culture chambers were mounted on the bioreactor, transferred to a humidified cell culture incubator in 5% CO 2 atmosphere, and rotated at 6 rmp for 6 hours. The resulting cultures were individually harvested from the culture chambers, washed, fixed in formalin, processed, and embedded in paraffin (FFPE) as blocks. FFPE blocks were sectioned at 4-µm thickness using a microtome and placed on histological glass slides as previously described (Saha et al. 2007 ). The representative sections from each of the four blocks were deparaffinized in xylene and rehydrated in decreasing concentrations of alcohol, stained with hematoxylin and eosin (H&E), and microscopically examined. FSF seeded at a density of 0.5 × 10 7 or 1.0 × 10 7 yielded individual FSF spheroids with less than 0.5 mm in diameter, whereas those with 4.0 × 10 7 yielded large clumps of cells. FSF seeded at a density of 2.0 × 10 7 resulted in the generation of individual FSF spheroids with approximately 1.0 mm in diameter without any detectable clumps of cells. As a result of this observation, the latter density of FSF was chosen for the subsequent co-culture experiments.
Stage 1 FSF (4.8 × 10 8 ) were resuspended in 192 mL of freshly prepared complete medium. The cell suspension (8.0 mL containing 2 × 10 7 FSF) was injected into each of the 24 culture chambers and cultured for 6 hours as described above.
Stage 2
The UACC-893 breast cancer cell line was initially utilized to establish parameters for obtaining co-cultures. UACC-893 at four different densities (3 × 10 6 , 6 × 10 6 , 12 × 10 6 , or 24 × 10 6 ) were separately suspended in 12 mL of the complete medium. Six equal aliquots (2 mL each) from each of the above four different cell suspensions, each containing 0.5 × 10 6 , 1.0 × 10 6 , 2.0 × 10 6 , or 4.0 × 10 6 breast cancer cells per 2 mL, were transferred into six separate culture chambers, which contained unfixed FSF spheroids that were prepared with 2 × 10 7 FSF as described above. The culture chambers were mounted on the bioreactor, and the co-cultures were maintained for 1, 2, 8, 9, 10, or 12 days, carefully replacing 5.0 mL of spent medium with the freshly prepared complete medium at 24-hour intervals. The resulting co-cultures, containing 0.5 × 10 6 , 1.0 × 10 6 , 2.0 × 10 6 , or 4.0 × 10 6 breast cancer cells and a predetermined density of FSF (2 × 10 7 ), were individually harvested from the culture chambers at various time intervals as indicated above, washed, fixed in formalin, processed, and embedded in paraffin (FFPE) as blocks. A total of 24 blocks were obtained.
Immunohistochemical Evaluation of Co-cultures
The above FFPE blocks of co-cultures were sectioned at 4-µm thickness using a microtome and placed on histological glass slides as described above. The representative unstained sections from each of the 24 blocks (FFPE) were deparaffinized as stated above and subjected to localization of epithelial cell-associated cytoskeleton proteins (pancytokeratins) or a fibroblast-associated cytoskeleton protein (vimentin) by an immunohistochemical (IHC) staining method and microscopically examined as previously described (Saha et al. 2007 ). Briefly, the unmasking of epitopes of the antigens was performed by heating the histological slides in 0.01 M sodium citrate buffer, pH 6.0, in a microwave pressure cooker for 30 minutes. All the steps of the experiments stated below were carried out at ambient temperature unless otherwise stated. Following the incubation of histological slides with appropriate normal serum for 20 minutes to block nonspecific binding of the primary or secondary antibodies, sections were incubated overnight with 150 µL of mouse monoclonal antibody to pancytokeratins (0.1 µg/mL) or vimentin (0.08 µg/mL) in a humidified chamber. The optimum concentration of each primary antibody was empirically determined to yield the most intense immunostaining of known target cells in breast cancer tissue sections with an undetectable or negligible staining of nonspecific cells and stromal components. Biotinylated horse anti-mouse immunoglobulin antibody as secondary antibody, followed by the ABC conjugate, was applied to the sections. The concentrations of the secondary antibody and the ABC reagents used were as previously determined to be optimum on FFPE tissue biopsy specimens of breast cancer. Diaminobenzidine (DAB) was used as the chromogen and hematoxylin as the counterstain. For each experiment, tissue sections of breast cancer with known expression of pancytokeratins or vimentin served as controls. Moreover, for each experiment, application of preabsorbed primary antibody with the appropriate blocking peptide (10 mg protein/mL of working dilution of each antibody) served as a control to determine specificity of reactivity of each antibody to its target cells in BCH and tissue biopsy specimens of breast cancer.
The cancer cells seeded at a density of 1 × 10 6 yielded a co-culture preparation with most of the cancer cells showing invasion of FSF spheroids' core and a minimum trace of free-floating cancer cells on the ninth day in co-culture, as shown in Figure 1D (for details, see Results section). The resulting co-culture with the above characteristics was referred to as BCH. Following the establishment of the procedure of generating BCH with the characteristics that are shown in Figure 1D , three separate batches of BCH preparations in triplicate with a predetermined density of UACC-893 cells (1 × 10 6 ) and FSF (2 × 10 7 ) per culture chamber and under the identical co-culture conditions for 9 days Figure 1 . Evaluation of UACC-893 breast cancer histoid (BCH). The sections (4-µm thick) of formalin-fixed and paraffin-embedded BCH, resulting from a co-culture of the human breast cancer cell line UACC-893 (1 × 10 6 ) and foreskin fibroblasts (FSF) (2 × 10 7 ) in the bioreactor for 1, 2, or 9 days, were immunohistochemically stained with mouse monoclonal antibodies to pancytokeratins or vimentin. A representative example of pancytokeratin-positive cancer cells (reddish brown staining, indicated by closed arrows) shows coating of the external layer of an individual pancytokeratin-negative FSF spheroid (indicated by open arrows) at the first 24 hours of co-culture (A). In a consecutive section, an individual FSF spheroid shows reactivity with anti-vimentin antibody (reddish brown staining, indicated by open arrows), whereas the surrounding cancer cells were nonreactive (absence of reddish brown staining, indicated by closed arrows) (B). The pancytokeratin-positive cancer cells (indicated by closed arrows) showed invasion of the core of an individual FSF spheroid (indicated by open arrows) at 48 hours in co-culture (C). Process of invasion of the FSF spheroid by the cancer cells was complete in 9 days in coculture, as most of the pancytokeratin-positive cancer cells (closed arrows) were detected within the core of an individual FSF spheroid (open arrows) (D). The sections were counterstained with hematoxylin (blue nuclear staining). Original magnification: A-C (×200) and D (×120). Bar = 100 µm.
were generated at 1-month intervals. Moreover, two other breast cancer cell lines, BT.20 (1 × 10 6 ) or MDA.MB.453 (1 × 10 6 ), were separately co-cultured with FSF (2 × 10 7 ) under the identical culture conditions and duration (9 days) in the culture chamber. Each batch of the above BCH preparations was separately harvested from culture chambers, fixed in formalin and embedded in paraffin as blocks, sectioned at 4-µm thickness, and placed on histological glass slides as described above for their IHC characterization. Each of the above BCH blocks yielded approximately 75 sections (4-µm thick each), and each section contained individual BCH constructs, which ranged from 100 to 120.
IHC Characterization of UACC-893 BCH
Intrabatch and interbatch reproducibility of UACC-893 BCH preparations in terms of quantitative expression of a breast cancer cell-associated protein (C-erbB.2), a wellknown marker of breast cancer patients with poor prognosis, was determined as described below by IHC staining method and the Automated Cellular Imaging System III (ACIS III; Carl Zeiss Microimaging Incorporated, Aliso Viejo, CA) in breast cancer cells in histology sections from two of the three BCH preparations or blocks from each of the three separate batches of BCH preparations as described below. The number of UACC-893 BCH blocks utilized in this experiment was six. In addition to C-erbB.2, specificity and patterns of expression of other protein analytes, which are known to be associated with epithelial cell, fibroblast, basement membrane, or ECM in tissue biopsy specimens of breast cancer, were compared with those in the remaining one of the three BCH blocks from each of the three separate batches of BCH preparations by the IHC staining method. Three UACC-893 BCH blocks were utilized in this experiment. Moreover, histological sections from each of the two BCH, which were generated by co-cultures of BT.20 or MDA.MB.453 with FSF, were also immunohistochemically analyzed. One hundred fifty microliters of mouse monoclonal antibody to pancytokeratins (0.1 µg/mL), vimentin (0.08 µg/mL), p53 (0.16 µg/mL), Ki.67 (0.15 µg/ mL), E-cadherin (2.5 µg/mL), GSTPi (0.4 µg/mL), fibronectin (0.2 µg/mL), collagen type IV (2.0 µg/mL), or rabbit polyclonal antibody to C-erbB.2 (0.5 µg/mL) was individually applied to the first nine histological sections, respectively, from the above-stated BCH blocks. The above antibodies were also individually applied in the same sequence on the remaining sections of each of the five BCH blocks, which consisted of three blocks of UACC-893 BCH, one of BT.20 BCH, and one of MDA.MB.453 BCH. In addition, sections (4-µm thick) from FFPE breast cancer tissue blocks with known reactivity with the above individual antibody were used as positive controls. The determination of optimum concentration of each primary antibody and the rest of the procedure including controls (test of specificity of reactivity of individual primary antibody) was as described above. The immunostained sections of BCH and tissue biopsy specimens of breast cancer were independently reviewed by three of the investigators (R.A., C.R.T., and S.A.I.) throughout this project.
Quantitative Image Analysis of C-erbB.2 Expression in UACC-893 BCH by ACIS III
The rationale for choosing to determine quantitative expression of C-erbB.2 protein as a basis for reproducibility of UACC-893 BCH was governed by its importance as a reliable marker to identify patients having invasive breast carcinoma with poor prognosis and who are likely to respond to treatment with Herceptin (Genentech Incorporated, South San Francisco, CA). Moreover, the procedure of determining quantitative expression of C-erbB.2 by ACIS III (Carl Zeiss Microimaging Incorporated) in breast cancer cells in sections of tissue biopsy specimens for the purpose of prognosis and making decisions for the treatment with Herceptin (Genentech Incorporated) is well established and approved by the Food and Drug Administration (FDA). Quantitative image analysis of C-erbB.2 expression in the cancer cells in histological sections of UACC-893 BCH was conducted by ACIS III (Carl Zeiss Microimaging Incorporated) as described below.
ACIS III (Carl Zeiss Microimaging Incorporated) consists of two major subassemblies. The first is the microscope with its associated electromechanical hardware, and the second is a computer with a frame grabber and image processing system. The microscope subsystem includes the components of a standard microscope (e.g., lamp, condenser, and turret) mounted in a special shock-resistant frame with a video camera. The camera is a 30-frames per second, 1024 × 768-pixel three-chip color camera (JAI CV-M9CL). Also included in the microscope assembly is an in-feed hopper; a stage and motors that provide X, Y, and Z (focus) translation; and an out-feed drawer. The system uses a carrier system, with four histological slides per carrier, and the input hopper is capable of holding 25 carriers. The computer subsystem consists of a dual 3.6-GHz Intel Xeon processor (Santa Clara, CA) running the Windows XP operating system (Microsoft, Redmond, WA). It has 2 GB of memory, 250 GB of RAID level 1 redundant data storage, and a 4.7-GB DVD+RW disc recorder.
For rare event detection, the ACIS III (Carl Zeiss Microimaging Incorporated) makes use of proprietary software, allowing for fast and highly sensitive color detection, along with the capability for the analysis of a variety of morphometric features. The application software available on the ACIS III (Carl Zeiss Microimaging Incorporated) for optical microscopy detection involves first scanning a microscope slide at low magnification (×10). The system next returns to objects that were originally identified for a second analysis at a higher magnification (×40 or ×60). In this case, a more comprehensive image analysis of color and morphometric characteristics (nuclear size and nuclear shape) is undertaken in an effort to exclude cellular debris, large clumps, and cells with morphological features typical of normal hematological mononuclear cells, as opposed to C-erbB.2-positive cancer cells. At the same time, objects that meet color-and morphometry-based criteria as likely tumor cells are collected and presented as montage images for review and classification by a pathologist or other laboratory professional. In the data file generated after specimen analysis, the X-Y coordinates of the object within a framelet are stored. The use of location data results in powerful sample navigation features. A "revisit" capability allows the user to double click on framelets of interest to return to the proper location on the specimen slide for further review under manual control of the microscope. In this mode, it is possible to navigate across the slide, adjust focus, and change microscope objectives. Comparison of the montage images that result from each repeated run is another feature that uses location data. Tumor cells or cell clusters found multiple times by the system can be identified by highlighting framelets with proximate locations as "suspected triplicates."
The result of IHC staining of sections from two of the three BCH blocks from each of the three separate batches of UACC-893 BCH preparations (approximately 75 sections per block × 6 = 450 sections) revealed a microscopically comparable pattern and intensity of expression of C-erbB.2 protein (results not shown). As a result of this observation, quantitative image analysis of intensity of expression of C-erbB.2 protein in UACC-893 breast cancer cells in sections from BCH blocks was measured by ACIS III (Carl Zeiss Microimaging Incorporated) in every fifth including the first one from a total of 75 sections containing BCH constructs from each of the six BCH blocks (16 sections per BCH block × 6 = 96 sections). The digital images of 96 immunohistochemically stained BCH sections on slides with anti-C-erbB.2 antibody were captured automatically by the ACIS III (Carl Zeiss Microimaging Incorporated) instrument scanner at low magnification, and the whole slide images were viewed on a monitor by one of us (R.A.). R.A. is a diplomat of the American Board of Pathology and is an expert in assessing quantitative C-erbB.2 expression status in breast cancer tissue specimens. Six randomly selected BCH constructs per slide were collected and evaluated for membranous C-erbB.2 expression. The 40× circle tool on the ACIS III (Carl Zeiss Microimaging Incorporated) instrument was used for the selection of areas. After selection of the area, the instrument calculates a region score that was converted to a scoring algorithm consistent with the HercepTest scoring algorithm (Dako North America Incorporated). In accordance with the guidelines, region scores of 0 to 5.0 were given for IHC intensity of staining as described (Minot et al. 2009 ).
Statistical Analysis of IHC Staining Data
Analysis of variance (ANOVA) was used to determine any significant differences due to batch-to-batch and withinbatch variability in histoids and to estimate the pooled variance in order to calculate the coefficient of variation (CV) using measurements on the natural logarithmic scale (Fray 1993) . The F test was used to examine whether the measurements are different between experiments. High, low, and average scores were subjected to statistical analyses. The results were similar for each of the three levels of scoring. We report the results for the average score.
Results

Generation of BCH
The sections of formalin-fixed and paraffin-embedded (FFPE) blocks, resulting from co-cultures of a human breast cancer cell line (UACC-893) at various densities (0.5 × 10 6 , 1 × 10 6 , 2 × 10 6 , or 4 × 10 6 ) and time intervals (1, 2, 8, 9, 10, or 12 days) with a predetermined density of human foreskin fibroblast (FSF) (2 × 10 7 ), were immunohistochemically stained with antibodies to pancytokeratins or vimentin. The immunohistochemically stained sections were microscopically examined to assess the extent of invasion of FSF spheroids by the cancer cells and cellular architecture. One hundred to 120 individual vimentin-positive FSF spheroids per section of coculture were obtained. The breast cancer cells, following their introduction into the culture chamber, first coated the external layer of individual FSF spheroids on day 1 in co-culture. A representative example of an individual FSF spheroid, which is surrounded by the cancer cells, is shown in Figure 1A and 1B (reddish brown staining). The cancer cells were identified as being positive for cytoplasmic expression of epithelial cellassociated cytoskeleton proteins, pancytokeratins (reddish brown staining, Figure 1A) , whereas the FSF spheroids for a fibroblast-associated cytoskeleton protein, vimentin (reddish brown staining, Figure 1B) , were in BCH sections. After the initial period of 1 day in co-culture, the cancer cells began to progressively invade the FSF spheroids' core. A representative example of an individual FSF spheroid with pancytokeratinpositive invading breast cancer cells on day 2 is shown in Figure 1C . The co-culture of 0.5 × 10 6 breast cancer cells and 2 × 10 7 FSF resulted in a co-culture with fewer cancer cells showing invasion of FSF spheroids' core (result not shown), whereas those with 2 × 10 6 or 4 × 10 6 cancer cells yielded large clumps of free-floating cancer cells (result not shown). The co-culture of breast cancer cells seeded at 1 × 10 6 resulted in invasion of most of the FSF spheroids' core by the cancer cells and a minimum trace of free-floating cancer cells on day 9. A representative example of an individual FSF spheroid with invading breast cancer cells (reddish brown staining) on the ninth day in co-culture is shown in Figure 1D . The process of invasion of FSF spheroids by the cancer cells was complete on the ninth day ( Figure 1D ), after which no further invasion was detected in co-culture under these conditions (result not shown).
Quantitative Image Analysis of C-erbB.2 Expression in UACC-893 BCH by ACIS III
The expression of C-erbB.2 protein was determined by the IHC staining method in sections (75 sections per BCH block) from two of the three BCH blocks from each of the three batches of BCH preparations, which were obtained by coculture of UACC-893 and FSF (a total of 6 × 75 = 450 sections). A representative example of an individual BCH construct shows mostly membranous reactivity of anti-C-erbB.2 antibody with UACC-893 breast cancer cells (reddish brown staining, Figure 2A ), whereas the fibroblasts (FSF) were nonreactive with the antibody, as indicated by the absence of reddish brown staining (Figure 2A ). In breast cancer tissue, anti-C-erbB.2 antibody showed a similar pattern of membranous reactivity with the cancer cells ( Figure  2B ), whereas stromal cells were nonreactive ( Figure 2B) . The application of the preabsorbed antibody with specific blocking peptide led to abolition of the immunostaining of the cancer cells in sections of BCH ( Figure 2C ) and breast cancer tissue ( Figure 2D ), attesting to specificity of reactivity of the antibody. The morphological appearance and the patterns of membranous expression of C-erbB.2 in breast cancer cells in BCH (Figure 2A) were markedly similar to those of the breast cancer tissue ( Figure 2B) .
The intensity and patterns of membranous expression of C-erbB.2 protein in breast cancer cells by the IHC staining method were similar in 450 sections, each containing 100 to 120 individual BCH constructs, from six BCH blocks (results not shown). As a result of this observation, quantitative image analysis of intensity of C-erbB.2 expression in cancer cells by the ACIS III (Carl Zeiss Microimaging Incorporated) (Minot et al. 2009 ) was carried out in every fifth (including the first one) from a total of 75 prestained sections containing BCH from each of the six UACC-893 BCH blocks (16 sections per BCH block × 6 = 96 sections). The quantitative image analysis of intensity of C-erbB.2 expression in cancer cells yielded scores that ranged from 3.0 to 5.0 (standard error = 0.03). The CV was 4.2% for the average score. No significant difference in the score was observed in sections from intrabatches or interbatches of BCH preparations (p=0.61), demonstrating reproducible quantitative expression of C-erbB.2 in breast cancer cells in BCH (Figure 3 ).
IHC Characterization of UACC-893 BCH
The sections from the remaining one of the three UACC-893 BCH blocks from each of the three separate batches of BCH preparations were immunohistochemically analyzed for the expression of selected protein analytes. Antipancytokeratin antibodies exhibited cytoplasmic reactivity with UACC-893 breast cancer cells in BCH, as indicated by the reddish brown staining ( Figure 4A ), whereas fibroblasts (FSF) were nonreactive with the antibody, as indicated by the absence of reddish brown staining ( Figure 4A ). In breast cancer tissue, anti-pancytokeratin antibodies showed a similar pattern of cytoplasmic reactivity with the cancer cells, whereas the stromal cells including fibroblasts were nonreactive ( Figure 4B ). The application of the (ACIS III) . Each block of BCH was obtained from a co-culture of breast cancer cell line (1 × 10 6 ) and FSF (2 × 10 7 ) for 9 days. Quantitative intensity of image of C-erbB.2 protein expression was analyzed by ACIS III on C-erbB.2-immunostained sections, representing every fifth section from a total of 75 sections from two of three formalin-fixed and paraffin-embedded BCH blocks from each of the three separate batches of BCH preparations (16 sections per block × 6 = 96 sections). The ACIS III quantitates images on a scale of 0 to 5. The bars represent standard error of immunohistochemical expression of C-erbB.2 within the six randomly selected BCH constructs per section. The quantitative expression of C-erbB.2 in the cancer cells in 16 sections from each of the six BCH preparations (blocks) showed scores that ranged from 3.1 to 5.0 (standard error = 0.03). The coefficient of variation (CV) was 4.21 for the average score. No statistically significant difference in the score was observed between the sections from intrabatches or interbatches of BCH preparations (p=0.61).
Figure 4.
Immunohistochemical comparison of the expression of breast tissue-associated protein analytes between UACC-893 breast cancer histoid (BCH) and breast cancer tissue. The sections (4-µm thick) of formalin-fixed and paraffin-embedded BCH (A, C, E, G), resulting from a co-culture of a human breast cancer cell line (UACC-893) and fibroblasts (FSF) in the bioreactor for 9 days, or human breast cancer tissue (B, D, F, H) were immunohistochemically stained. The anti-pancytokeratin antibodies showed cytoplasmic reactivity with the cancer cells, as indicated by the reddish brown staining (closed arrow), in BCH (A) or breast cancer tissue (B), whereas the fibroblasts were nonreactive, as indicated by the absence of reddish brown staining (open arrow) (A, B) . The application of preabsorbed anti-pancytokeratin antibodies led to the abolition of immunostaining of the target cells, as indicated by the absence of reddish brown staining (closed arrows), in BCH (C) or breast cancer tissue (D). The anti-vimentin antibody showed cytoplasmic reactivity with the fibroblasts, as indicated by reddish brown staining (closed arrows), in BCH (E) and breast cancer tissue (F), whereas the cancer cells were negative, indicated by the absence of reddish brown staining (open arrows) (E, F). The application of preabsorbed anti-vimentin antibody with specific blocking peptide led to the abolition of immunostaining of the target cells, as indicated by the absence of reddish brown staining (closed arrows), in BCH (G) or breast cancer tissue (H). The sections were counterstained with hematoxylin (blue nuclear staining). Original magnification: ×310. Bar = 100 µm.
preabsorbed antibody to pancytokeratins with specific blocking peptide led to abolition of the immunostaining of breast cancer cells in BCH ( Figure 4C ) and breast cancer tissue ( Figure 4D) , as indicated by the absence of reddish brown staining, attesting to specificity of reactivity of the antibody. Anti-vimentin antibody showed a similar pattern of cytoplasmic reactivity with fibroblasts in BCH ( Figure  4E ) and breast cancer tissue ( Figure 4F) , as indicated by reddish brown staining, whereas the cancer cells were nonreactive in both instances ( Figure 4E and 4F) , as indicated by the absence of reddish brown staining. The application of the preabsorbed antibody to vimentin with specific blocking peptide resulted in the abolition of the immunostaining of fibroblasts in BCH ( Figure 4G ) and breast cancer tissue ( Figure 4H ).
Antibody to an oncogene's product, p53, or a cell cycling protein, Ki-67, exhibited nuclear reactivities with breast cancer cells in BCH (Figure 5A and 5C) and breast cancer tissue ( Figure 5B and 5D), as indicated by reddish brown staining. Antibody to an epithelial cell-specific intercellular adhesion protein, E-cadherin, showed membranous reactivity with the cancer cells in BCH ( Figure 5E ) and breast cancer tissue ( Figure 5F ). Antibody to a major detoxifier enzyme, GSTPi, showed cytoplasmic and nuclear reactivity with the fibroblasts in BCH ( Figure 5G ) and breast cancer tissue ( Figure 5H ), whereas the cancer cells were negative ( Figure 5G and 5H) , as indicated by the absence of reddish brown staining. Moreover, antibodies to a major cellular basement-associated protein, fibronectin, or an ECMassociated protein, collagen type IV, showed reactivity with the basement membrane component or ECM, respectively, in BCH ( Figure 5I and 5K) and breast cancer tissue ( Figure  5H and 5L), as indicated by reddish brown staining. The controls that consisted of the application of the preabsorbed antibody to the above analytes (p53, Ki-67, E-cadherin, GSTPi, fibronectin, or collagen IV) with specific blocking peptide led to the abolition of immunostaining of the target cells or stroma in BCH and breast cancer tissue sections, demonstrating the specificity of each antibody's reactivity (results not shown).
IHC Characterization of BT.20 and MDA. MB.453 BCH The sections from each BCH block, generated by coculture of either BT.20 and FSF or MDA.MB.453 and FSF, were immunohistochemically characterized. Antipancytokeratin antibodies exhibited cytoplasmic reactivity with BT.20 breast cancer cells in BCH, as indicated by the reddish brown staining ( Figure 6A ), whereas fibroblasts (FSF) were nonreactive with the antibody, as indicated by the absence of reddish brown staining ( Figure 6A ). The antibody showed a similar pattern of cytoplasmic reactivity with the MDA.MB.453 cells in BCH (result not shown). Anti-Ki-67 antibody exhibited nuclear reactivity with BT.20 cells ( Figure 6B ) and MDA.MB.453 cells (result not shown) in BCH. Anti-C-erbB.2 antibody showed a weak cytoplasmic reactivity with BT.20 cells ( Figure 6C ), whereas moderately membranous reactivity with MDA. MB.453 cells (result not shown) was in BCH. The patterns of reactivities of the rest of the antibodies with cells in the BCH were similar to those of UACC-893 BCH (results not shown).
Discussion
In order to study the in vitro cancer progression, several investigators have initially utilized 3-D culture of cancer cells on either matrigel or laminin-rich ECM with encouraging results (Kenny et al. 2007) . Others have focused their investigations on the utilization of 3-D co-cultures of cancer and stromal cells to delineate the mechanism of heterotypic cellular interaction in cancer progression (Rhee et al. 2001; Sung et al. 2008) . However, the progress in this field of study has been hampered mainly due to unavailability of an appropriate co-culture system that could facilitate studies of cancer progression in a tumor tissue-like microenvironment.
In this study, we focused firstly on the generation of BCH by co-culturing human breast cancer cell lines BT.20, or MDA.MB.453 ) and fibroblasts (FSF) in our rotating 3-D suspension co-culture system; secondly on the quantitative determination of C-erbB.2 protein expression as a parameter of reproducibility of UACC-893 BCH by the FDA-approved ACIS III (Carl Zeiss Microimaging Incorporated); thirdly on the determination of expression of protein analytes that are known to be associated with breast cancer cells, fibroblasts, basement membrane, or ECM in breast cancer tissue; and fourthly on the comparison of BCH with breast cancer tissue in terms of cellular morphology and pattern of expression of the above analytes.
Several batches of BCH that consisted of co-cultures of breast cancer cell lines, representing phenotypically and biologically different subtypes of breast cancer BT.20, or MDA.MB.453) , and fibroblasts were immunohistochemically analyzed. The first parameter selected for analysis of UACC-893 BCH was the quantitative expression of C-erbB.2 protein, which is an important marker of poor prognosis of patients with invasive breast cancer (Slamon et al. 1987) . UACC-893 cells in BCH consistently showed batch-to-batch reproducibility of quantitative expression of C-erbB.2, demonstrating the reliability of generating C-erbB.2-positive BCH. A inexhaustible and reliable supply of consistently reproducible C-erbB.2positive BCH with a tissue-like architecture could be used as an appropriate and much needed IHC reference standard in lieu of breast cancer tissue, which is not readily available to control variations in test conditions at different laboratories (Press et al. 2005) . The reliability of IHC assay is paramount to identify C-erbB.2-positive patients who are likely to respond to treatment with Herceptin (Genentech Incorporated) (Singer et al. 2008) .
In addition to quantitative determination of C-erbB.2 expression in BCH, other protein analytes, which are known to be associated with breast cancer cells, fibroblasts, basement membrane, or ECM in breast cancer tissue, were also qualitatively evaluated for their specificity and patterns of expression in BCH by the IHC staining method. The breast cancer cells in BCH preparations were homogeneously positive for nuclear expression of a cell cycling protein, Ki-67, demonstrating that these cells were not quiescent at the end of the 9-day co-culture experiments. The frequency of positivity of the cancer cells in BCH was similar to that observed in breast cancer tissue. The known specificity and patterns of expression of these protein analytes in tissue were maintained in BCH under the conditions employed in the 3-D co-culture system. BCH, thus generated, exhibited several distinct cellular features that have not been previously achieved. For example, BCH produced basement membrane-associated proteins, which were readily detectable by IHC staining of sections of BCH. Endogeneously produced collagen IV formed ECM in BCH in a manner that closely resembled that of the breast cancer tissue. Moreover, the stromal components that comprised fibroblasts and ECM were invaded by the cancer cells, resulting in the formation of cellular architecture that morphologically mimicked the breast cancer tissue (Table 1) . Interbatch preparations of BCH were reproducible as determined by consistent quantitative expression of C-erbB.2 protein, a breast cancer cell-associated functional analyte. In contrast, the previously reported in vitro breast cancer models were not evaluated for their batch-to-batch reproducibility. The use of rotary bioreactors to carry out co-cultures of breast cancer cells and fibroblasts under defined and stringent culture conditions offered several distinct advantages over the traditional 3-D co-cultures on xenogenically derived gel matrix, which were used in the previously reported studies (Gudjonsson et al. 2002 (Gudjonsson et al. , 2003 Sung et al. 2009; Bauer et al. 2010; Han et al. 2010; Inman and Bissell 2010; Beliveau et al. 2011; Yang et al. 2011; Sung et al. 2011) .
The BCH with a marked resemblance to human breast cancer tissue and reproducible expression of both structural and functional protein analytes, which are known to be expressed in breast cancer tissue, could be a potentially improved model to study the roles of the tumor microenvironment as well as the significance of heterotypic cellular interaction in breast cancer progression in a controlled, defined, and breast tumor tissue-like microenvironment. The technology developed to generate BCH in this study can, with minor modifications, be applied to generate 3-D co-culture models of other solid tumors.
A study is underway to expand the scope of the BCH model by incorporating breast tumor microenvironmentassociated stromal cells, such as cancer-associated fibroblasts (CAF), endothelial cells, or immune cells, in co-culture. Such a model, representing major cellular components of the breast tumor microenvironment, may serve as a basis Gudjonsson et al. 2002; Seidl et al. 2002; Sung et al. 2008; Hsaio et al. 2009; Han et al. 2010; Beliveau et al. 2011; Sung et al. 2011; Yang et al. 2011. for the study of molecular mediators of cancer progression, which promote malignant growth, angiogenesis, metastasis, and reduced apoptosis.
